The Generalized Relativistic Effective Core Potential (GRECP) calculation of spectroscopic constants for the HgH molecule and its ion is carried out with the help of the Fock-space Relativistic Coupled Cluster (RCC) method. The Basis Set Superposition Errors (BSSE) are estimated and discussed. It is demonstrated that the triple cluster amplitudes at least for 13 external electrons should be taken into account in the precise calculations on mercury hydride. The spectroscopic constants derived from the potential curves corrected for these effects are in good agreement with the experimental data. The calculated spectroscopic constants are also compared with results of calculations of other groups.
Introduction
The HgH molecule was studied in the last few decades with the help of both experimental (e.g., see [1, 2, 3, 4] ) and theoretical (e.g., see [5, 6, 7] ) methods. The main purpose of the theoretical investigations was to study accuracy and reliability of developed methods for calculations of molecules containing heavy elements and to explain and systematize some available experimental data.
In papers [8, 9] , the 20 electron generalized relativistic effective core potential (20e-GRECP) was generated for mercury and was tested in numerical two-component SCF (Hartree-Fock or HF) calculations by comparison with the all-electron Dirac-Fock (DF) and other RECP calculations. The suitability of the GRECP for describing correlation effects was examined in atomic calculations [10] . Significant improvement in accuracy of reproducing the all-electron Dirac-Coulomb data for the GRECP as compared with the RECPs of other groups [6, 11] was demonstrated in these calculations. The same number of electrons, 20, is explicitly treated in the considered RECP versions. Here we present results of the GRECP calculations of spectroscopic constants for the HgH molecule and its ion in the framework of the relativistic coupled cluster (RCC) method.
The GRECP method
The GRECP method was described in papers [8, 9, 12] in detail. In this method, the radial oscillations of the valence and outer core spinors are smoothed in the inner core region of an atom to reduce the number of primitive Gaussian basis functions required for the appropriate description of these spinors in subsequent molecular calculations. Moreover, the smoothing in core allows one to exclude the small components of the four-component Dirac spinors from the GRECP calculations, while relativistic effects are taken into account with the help of j-dependent effective potentials. The U nlj potentials are derived by inversion of the nonrelativistic-type HF equations in the jj-coupling scheme for the "pseudoatom" with the removed inner core electrons:
where Z ic is the charge of the inner core electrons and nucleus, J and K are the Coulomb and exchange operators calculated with the ϕ nlj pseudospinors, ε nlj are the one-electron energies of the corresponding spinors, and ε n ′ nlj are the off-diagonal Lagrange multipliers. The GRECP components, U nlj , are usually fitted by Gaussian functions to be employed in molecular calculations with Gaussian basis sets. In the conventional RECPs, the potentials are constructed only for the nodeless pseudospinors, because division by zero appears in equation (1) for pseudospinors with nodes. This problem is overcome in the GRECP method by interpolating the potential in the vicinity of the pseudospinor node [13] . This allows one to generate different potentials, U clj and U vlj , for outer core and valence pseudospinors, unlike the conventional RECP approach. The GRECP operator has the form
where |lm lm| is the projector on the spherical function Y lm and L is one more than the highest orbital angular momentum of the inner core spinors. The components of the spin-averaged part of the GRECP operator are called the averaged generalized relativistic effective potentials (AGREP)
where P cl± (r) is the radial projector on the outer core pseudospinorφ cl± (r) and ± means j = |l ± 1/2|. Obviously, these components can be employed in codes with the ΛS-coupling scheme in order to take into account the spin-independent relativistic effects. The components of the effective spin-orbit interaction operator are called the effective generalized spin-orbit potentials (EGSOP)
Two main features of the GRECP method are the generation of the effective potential components for the pseudospinors which may have nodes and adding the non-local terms with the projectors on the outer core pseudospinors (the second line in equation (2)) to the standard semi-local terms (the first line in equation (2)) of the effective potential operator. Description of some other distinctive features of the GRECP generation as compared to previous RECP schemes [11, 14] is given in [15] .
As it was pointed out earlier [9, 12] , form (2) of the GRECP operator is optimal for calculation of states in which occupation numbers of the outer core shells differ from that in the state used for the GRECP generation by the value much less than 1.
The RCC method
The Fock-space RCC method has been described in previous papers (see, e.g., [16] ) and reviews [17] , and only a brief summary is given here. Starting from the nonrelativistictype Hamiltonian, H, containing the AGREP operator, U AGREP , the one-electron HF orbitals are obtained in an SCF procedure. Matrix elements of the EGSOP operator, U EGSOP , as well as other one-and two-electron integrals are calculated in the basis set of the obtained spin-orbitals. The spin-orbit interaction (described by the U EGSOP operator) and correlations are then included by the two-component Fock-space coupled-cluster (CC) method, with the help of the exponential universal wave operator Ω = exp(T). The RCC expansion is currently truncated at the Singles and Doubles (RCC-SD) level. The nonrelativistic CC (NCC) version in which the EGSOP operator is not taken into account allows one to include also the triple cluster amplitudes (NCC-SDT). In the Fock-space method, one starts from a reference state (closed-shell in our implementation), correlates it, then adds (or removes) one electron, recorrelating the new N + 1 (or N − 1) electron system, and so on, until all the states of interest are attained. The electrons can be added to (or removed from) a number of valence spinorbitals, resulting in a multireference approach characterized by a model space P of some selected states. The cluster amplitudes are determined at that stage of the calculation, at which they first have a nonzero effect on the model space states for the considered number of electrons, and they are unchanged at the following stages, thus constituting the universal wave operator. The effective Hamiltonian
where P is the projector onto the model space P , is diagonalized to give simultaneously the energies of all the states in the ΩP -space relative to the initial reference state, with all states correlated at the RCC-SD level.
In the first series of the RCC-SD calculation (RCC-SD-1), the ground state of the HgH + ion is the reference state, and the Fock-space scheme is
with the electrons added in the lowest unoccupied σ and π one-electron states in HgH + .
In the second series of the RCC-SD calculation (RCC-SD-2), the ground state of the HgH − ion is the reference state, and the Fock-space scheme is
with the electrons removed from the highest occupied σ state in HgH − . For the molecular GRECP/SCF calculations, we have employed the MOLGEP [18] and MOLCAS [19] codes. The RCC-SD and NCC-SDT program packages were interfaced with the MOLGEP/MOLCAS codes to make it possible two-component GRECP/RCC-SD calculations in the intermediate coupling scheme and one-component AGREP/NCC-SDT calculations in the ΛS coupling scheme. The nonrelativistic kinetic energy operators and relativistic effective j-dependent potentials are employed in the former calculations.
Basis set
The basis set for mercury was optimized in atomic RCC-SD calculations with the help of the procedure proposed in [10] . The basis functions were generated in HF calculations of numerical orbitals for some neutral atomic or positively charged ionic states. The HFJ code [8] was employed for the HF calculations with the GRECP.
We start with HF calculation of the 6s 2 state of Hg with the GRECP operator, to obtain numerical 5s 1/2 , 5p 1/2 , 5p 3/2 , 5d 3/2 , 5d 5/2 , 6s 1/2 pseudospinors. The 6p 1/2 and 6p 3/2 pseudospinors are then derived from numerical calculations for the LS averages of the [6s 1 ]6p 1 configuration. In the configuration notation given above, the 5s, 5p, 5d shells are understood to be in the square brackets and they are dropped for brevity; the shells in the square brackets are frozen after the initial calculation of the 6s 2 state.
Theφ 5s ,φ 5p ,φ 5d ,φ 6s ,φ 6p and ∆φ 5p , ∆φ 5d , ∆φ 6p numerical radial orbitals are derived asφ
where N and N ′ are the normalization factors. The reference basis set is constructed from the 5s, 5p, 5d, 6s, 6p orbitals. An RCC-SD calculation with the GRECP operator is carried out on this basis set with 18 external electrons of Hg correlated. The Hg + and Hg 2+ have, obviously, one or two correlated electrons less. The Fock-space scheme for this calculation is Hg 2+ → Hg + → Hg (11) and the electrons are added into the 6s, 6p one-electron states. The next stage involves a series of the HF calculations of the 7p orbitals with the AGREP operator for configurations corresponding to the neutral Hg and Hg n+ ions, namely [5d 10 6s 1 ]7p 1 , [5d 10−(n−1) ]7p 1 (n = 1, 2, . . . 10), [5p 6−(n−11) ]7p 1 (n = 11, 12, . . . 16), etc. The frozen 5p and 5d orbitals in these calculations are taken in form (9) . The 7p orbitals localized in different space regions are derived from these calculations. A series of Schmidt-orthogonalized basis sets is formed by addition of each of these 7p orbitals to the reference basis set. Moreover, the basis sets obtained by the addition of the ∆φ 5p and ∆φ 6p orbitals are also included in this series. For each of the basis sets, an RCC-SD calculation of nine low-lying states (the ground 6s 2 1 S 0 and excited 6s 1 6p 1 3 P 0,1,2 and 1 P 1 states of the neutral atom, 6s 1 2 S 1/2 and 6p 1 2 P 1/2,3/2 of Hg + , and 1 S 0 of Hg 2+ ) with the GRECP operator is performed. Similar series of calculations are carried out for the 7s orbitals instead of the 7p, and also for the 6d, 5f, 5g orbitals. The principal quantum number of these virtual orbitals is taken to be one higher than the maximum principal quantum number of the corresponding orbitals in the reference basis set in order to avoid large overlap of the new and previously selected orbitals. For each basis set, the largest change among all possible transition energies with excitation or ionization of a single electron between the nine states listed above is calculated relative to the results of the reference basis set. This change is then multiplied by the 1/(2l + 1) factor where l is the orbital quantum number of the added orbital. Such an orbital from the tested ones which gives the largest energy change is added to the reference basis set. This way of generating the basis set is designed to describe primarily correlation and spin-orbit effects which have different contributions for the states under consideration. This procedure is repeated for the next series of virtual orbitals, resulting in a step by step expansion of the reference basis and diminution of changes in the transition energies. The procedure is terminated when the largest transition energy change after adding the orbital goes down to about 15 cm −1 . Then the numerical radial orbitals are approximated by the Gaussian functions and the (14, 12, 9, 3 , 2)/[7, 7, 4, 2, 1] basis set is finally produced to be used in molecular calculations.
For hydrogen, we employ the (8, 4, 3)/[4, 2, 1] basis set from the ANO-L library [19] .
Results and discussion
As demonstrated in paper [10] , the energetic contributions from correlations with the 5s and 4f shells of Hg mainly cancel each other. Therefore, these electrons can be treated as frozen in correlation calculations with freezing error up to 200 cm −1 for transition energies with excitation or ionization of a single electron. The molecular RCC-SD calculations in the present paper are carried out for the 19 correlated electrons of the HgH molecule. The molecular orbital originating from the 5s orbital of Hg is frozen after the HF calculation. The 4f, 4d, 4p, 4s and more inner core electrons of Hg are excluded from the explicit consideration with the help of the 20e-GRECP. The computational efforts in the present RCC-SD calculations increase rapidly with the size of the basis set and, therefore, the largest orbital angular momentum in the employed basis set was limited by g-type functions (l ≤ 4). It leads to errors up to 400 cm −1 in the above mentioned transition energies, whereas the inherent 20e-GRECP errors are up to 100 cm −1 [10] . The errors caused by the use of the intermediate coupling scheme instead of the jj-coupling scheme are up to 100 cm −1 as one can see from table 1. In our previous paper [10] dealing with the atomic Hg calculations, the conclision was made that the neglect of the triple cluster amplitudes is mainly responsible for the disctinctions between the experimental data and the results of the 34 electron RCC-SD calculations with the rather large basis set including up to h-type functions (l ≤ 5). In the present paper, we estimated the contribution from these amplitudes by addition of differences in the total energies from the corresponding NCC-SDT and NCC-SD calculations. The generated above [7, 7, 4, 2, 1] Hg basis set was employed and 12 electrons for the Hg atom were correlated in these calculations (see the RCC-SD(12e-T) results in table 1). The total errors of the 20e-GRECP/RCC-SD calculation for the 18 correlated electrons of the Hg atom with the (14, 12, 9, 3 , 2)/ [7, 7, 4, 2, 1] basis set in the intermediate coupling scheme with the approximate accounting for the triple cluster amplitudes for 12 electrons with respect to the experimental data are up to 700 cm −1 .
The employed Fock-space scheme for the atomic RCC-SD calculations in table 1 is
with the electrons added in the 6p, 7s, 7p one-electron states and removed from the 6s state.
The molecular GRECP/RCC-SD and AGREP/NCC-SDT calculations are carried out for 13 internuclear distances from 2.637 a.u. to 3.837 a.u. with an interval of 0.1 a.u. The calculation of the molecular spectroscopic constants is performed by the Dunham method in the Born-Oppenheimer approximation with the help of the DUNHAM-SPECTR code [20] .
As one can see from table 2, large Basis Set Superposition Errors (BSSEs) (up to 1800 cm −1 for dissociation energies) are observed in the 19 electron RCC-SD calculations (see [21] for details of the BSSE calculation). They are mainly due to both a consideration of correlations in the core region of Hg and the features of the employed basis set generation procedure (that is described in section 4). This procedure optimizes the basis functions to describe first the transition energies but does not well optimize the basis set to describe "equal energy lowerings" in the total energies which are mainly due to the core-core correlations having similar properties for all the considered states. Since the transitions with the change of the occupation numbers only for the valence shells are considered in the basis set generation procedure, the generated basis set is close to a complete one in the valence region but is unsaturated in the core region. Therefore, the calculated BSSE only slightly depend on a configuration state in the valence region that allows one to exclude very accurately the BSSE effect with the help of the CounterPoise Correction (CPC). One can see from table 2 that the spectroscopic properties corrected for the BSSEs are insensitive to the state employed for the CPC calculation because these states have different configurations only in the valence region. All the GRECP/RCC-SD and AGREP/NCC-SDT results in tables 3 and 4 were corrected with the help of the CPCs calculated for the 6s 2 Hg state with a ghost H atom. The CPCs calculated for the ground state of the H atom are about 1 cm −1 and is neglected in the present calculations.
As one can see from table 3 for the HgH and HgH + ground states, the noticeable differences between experimental data and the RCC-SD values as well as between the results of two Fock-space schemes of the RCC-SD calculation are observed. We estimated the triple cluster amplitude contribution from the corresponding NCC-SDT and NCC-SD calculations for the case of both 3 and 13 correlated electrons of the HgH molecule. The reduced basis set, [5, 5, 3, 1] for Hg and [3, 2] for H, was employed in the 13 electron NCC-SD and NCC-SDT calculations (see the GRECP/RCC-SD(13e-T) lines in tables 3 and 4) to reduce drastically the computational time in the expensive NCC-SDT calculations. The same basis set as in the RCC-SD calculations was employed in the 3 electron NCC-SD and NCC-SDT calculations (see the GRECP/RCC-SD(3e-T) lines in tables 3 and 4). One can see from the tables that the consideration of the triple cluster amplitudes at least for the 13 external electrons of the HgH molecule is necessary for the precise RCC calculations. The spectroscopic constants derived from the potential curves corrected for the contribution of triples are in very good agreement with experimental data.
For the HgH + ground state with the leading σ 2 configuration (table 3) , agreement of the RCC-SD-1 and RCC-SD(13e-T)-1 results with the experimental data is, as a rule, better than that of the RCC-SD-2 and RCC-SD(13e-T)-2 results. It is not surprising because this state corresponds to the closed shell nondegenerate reference state for the RCC-SD-1 scheme that, in turn, is the best suitable case for the Fock-space RCC-SD version. In the case of the RCC-SD-2 scheme, this state is calculated in the higher Fock-space sector. The results for the ground 2 Σ + 1/2 state of the HgH molecule having the leading σ 2 σ 1 configuration are presented in table 3. The results for the excited 2 Π 1/2 and 2 Π 3/2 states having the leading σ 2 π 1 configuration are presented in table 4 .
Surprisingly good agreement of the spectroscopic constants for the ground states of the HgH molecule and the HgH + ion with experimental data was obtained in calculations [6] employing the 20 electron energy-adjusted PseudoPotential (20e-PP) and the ACPF method (see table 3 ). We suggest that it can be explained by cancellation of several contributions: the inherent PP errors (see [9, 10] ), the errors of the method employed for the correlation structure calculations, the basis set incompleteness, etc. It is not clear from the text of paper [6] whether the BSSE effects are estimated. The agreement with the experimental data is substantially worse for the other correlation methods employed by Häussermann et al. (see the corresponding results in [6] ). One should also remember that these results were obtained with help of the 20e-PP which was generated by Häussermann et al. [6] using the results of the quasirelativistic Wood-Boring [22] SCF all-electron calculations as the reference data for fitting the spin-orbitaveraged PP parameters and using the small number of adjustable parameters [23, 24] . Tables and table captions   Table 1 . Transition energies between low-lying states of the mercury atom and its ions from the 20e-GRECP/RCC-SD and 20e-GRECP/RCC-SD(12e-T) calculations for the 18 correlated electrons of the Hg atom with the (14, 12, 9, 3, 2) 
